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Summary. The ability to reactivate ultraviolet (UV) dam- 
aged phage q)CbK (W-reactivation) is induced by UV irra- 
diation of Caulobacter crescentus cells. Induction of W-reac- 
tivation potential is specific for phage ~bCbK, requires pro- 
tein synthesis, and is greatly reduced in the presence of 
the rec-526 mutation. The induction signal generated by 
UV irradiation is transient, lasting about 11/2-2 h at 30 ° C; 
if chloramphenicol is present during early times after UV 
irradiation, induction of W-reactivation does not occur. In- 
duction is maximal when cells are exposed to 5-10 J/m 2 
of UV, a dose that also results in considerable mutagenesis 
of the cells. Taken together, these observations demonstrate 
the existence of a UV inducible, protein synthesis requiring, 
transiently signalled, rec-requiring DNA repair system anal- 
ogous to W-reactivation in Escherichia coli. In addition, 
C. crescentus also has an efficient photoreactivation system 
that reverses UV damage in the presence of strong visible 
light. 
Introduction 
Caulobacter crescentus are unusual bacteria that have been 
widely studied because of their novel program of cellular 
differentiation during exponential growth (see Shapiro 
1976; Bender et al. 1980 for reviews). The cauIobacters are 
ubiquitous, but are particularly in evidence in the surface 
films of clear water (Poindexter 1981). Thus it is likely that 
Caulobacter would be exposed to considerable doses of ul- 
traviolet (UV) irradiation from sunlight. In Escherichia coli, 
several mechanisms for the repair of UV-induced DNA 
damage have been described including photoreactivation 
in the presence of visible light, excision repair, and a repair 
synthesis (called Weigle Reactivation) induced as part of 
the SOS response (Witkin 1976). 
As part of our studies of DNA metabolism, we began 
an investigation of the ways C. crescentus deals with UV- 
induced DNA damage. Our studies show that C. crescentus 
has at least three distinguishable mechanisms for dealing 
with UV-induced DNA damage, two of which are described 
here. Although the molecular basis for these repair mecha- 
nisms is unknown, their phenomenological similarities to 
the well-studied E. coli systems of W-reactivation and Pho- 
toreactivation prompted us to adopt these terms to describe 
the C. crescentus phenomena described here. 
Materials and methods 
Bacterial and phage strains. Strain CM5000 is CB15 (Poin- 
dexter 1964) carried for several years in our laboratory. 
Strain CM5256 is a recombination deficient mutant of 
CM5000 detected as an extremely UV-sensitive strain fol- 
lowing mutagenesis with ultraviolet light (manuscript in 
preparation). Except for the extreme UV-sensitivity and 
lack of recombination activity, strain CM5256 appears 
quite normal: the growth rate of CM5256 matches its par- 
ent strain, CM5000, in broth and minimal glucose medium; 
the plating efficiency of phages q~Cbk, q~Cr40, ~bCr30, and 
~Cb5 is 1.0 relative to the wild-type strain; and the mor- 
phology of the cells is normal when viewed in the electron 
microscope. Phage ~bCbK (Agabian-Keshishian and Sha- 
piro 1970) was obtained from L. Shapiro. Phage ~bCb5 
(Bendis and Shapiro 1970), ~bCr30, and OSCr40 (Johnson 
et al. 1977) were obtained from B. Ely. Phage were propa- 
gated as plate stocks on fresh PYE plates. 
Media. Cells were grown in PYE broth medium (Poindexter 
1964) supplemented with 0.5 m M  CaC1 (Johnson and Ely 
1977). Chloralnphenicol (Sigma) was added to a final con- 
centration of 5 ~g/ml (Osley and Newton 1978). Minimal 
medium was M2 glucose (Johnson and Ely 1977). Solid 
media contained 1% Agar (Difco). 
UV Irradiation. The source of UV light was a General Elec- 
tric ASU5T8G lamp. Fluence rate (0.5 J/mZ-s) was mea- 
sured with a Black-ray Ultraviolet Intensity Meter (Ultravi- 
olet Products, Inc.). Phage were irradiated in Caulobacter 
Diluent (CD; 1 g of Bactotryptone per 1 of water) at con- 
centrations of about 10 9 p.f.u, per ml with constant agita- 
tion. Bacteria were collected from broth cultures in mid-log 
phase (5 x l0 s cells/ml) by centrifugation and were resus- 
pended in BMO (M2 medium lacking a carbon source) 
at the same concentration. Irradiation volumes were less 
than 10 ml in 9 cm diameter glass petri dishes resulting in 
a depth of less than 1.5 mm. 
Experimentalprocedure. C. crescentus host cells were grown 
in broth to a density of 5 x 108/ml, collected by centrifuga- 
tion, and resuspended in BMO. Following UV irradiation, 
cells were collected by centrifugation, resuspended in broth, 
and incubated at 30 ° C with aeration for 30 rain unless oth- 
erwise stated. These cells were infected with' an appropriate 
dilution of phage (bCbK which had been irradiated with 
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UV light to a survival of  10 -3.  After  adsorp t ion  (15 min 
at 33 ° C) the mixture was plated in 2 ml of  PYE soft agar  
either with or  without  added indicator  cells (CM5000 unir- 
radiated).  The presence of  indicator  did not  alter the ti ter 
obta ined but  was necessary when the UV dose to the cells 
prevented format ion  of  a lawn, especia l ly  when the UV 
sensitive strain CM5256 was used. In  some experiments,  
CM5256 was used as indicator  lawn and again no effect 
was seen in the titers. 
When  chloramphenicol  was used it was added at 5 gg/ 
ml 15 min before UV i r radia t ion  of  the cells. The cells were 
resuspended, i rradiated,  and reincubated in the presence 
of  chloramphenicol .  Before phage adsorpt ion,  cells were 
collected by centr ifugation and resuspended in chloram- 
phenicol-free broth.  
Defais et al. (1976) observed that  a l though the quali ta-  
tive pat terns  of  SOS effects are readily reproducible  in E. 
coli, the extent of  induced repair  and mutagenesis varies 
from one experiment  to another.  A close compar ison  of  
the experiments repor ted  here shows a similar phenomenon 
for C. creseentus and the da ta  presented are representat ive 
experiments ra ther  than averages. 
Photoreaetivation. After  UV i r radia t ion  o f  strain CM5256, 
the cells were immediate ly  diluted in CD (the re incubat ion 
in b ro th  being omitted).  The dilut ion tubes were placed 
about  2 cm from a pair  of  fluorescent lamp bulbs for vary-  
ing lengths of  t ime and samples were plated to determine 
the viable titer. All  the experiments repor ted in this paper  
were per formed in very dim light from a time before i r radia-  
t ion of  the cells in order  to prevent  photoreact ivat ion.  
Results 
W-reactivation o f  bacteriophage ~ C b K  
The survival of  UV-i r rad ia ted  bacter iophage is greatly in- 
creased if  the host  cells are i r radia ted  as well (Weigle 1953). 
In E. coli this phenomenon  is known as Weigle React ivat ion 
or W-React iva t ion  (Radman  1974). To test for W-React iva-  
t ion in C. crescentus, UV-kil led bacter iophage ~bCbK (irra-  
diated to a survival of  0.5%) were p la ted  on C. crescentus 
cells which had  been i r radia ted with 10 J /m 2 of  UV light 
(20% survival) and  on cells which had not  been irradiated.  
As shown in Table 1, the titer of  UV-t rea ted  q~CbK was 
22-fold higher when i r radia ted  cells were used than when 
Table l.  Weigle reactivation of Caulobacter phage 
Phage Plaques on strain CM5000 W-reacti- 
vation 
-- UV + UV factor 
Irradiated qSCbK 40 900 22.5 
Irradiated ~bCr30 128 91 0.7 
Irradiated q~Cr40 520 460 0.9 
Unirradiated ~CbK 85 91 1.1 
Irradiated phage were exposed to 30 J/m 2 of UV light resulting 
in a survival of 10 -2 (~Cr30), 6x 10 .3 (~bCbK), or 3 x 10 .3 
(q~Cr40). Wild type C. crescentus were irradiated with 10 J/m 2 of 
UV light and incubated in broth for 30 min before adsorption 
of phage. W-factor is the ratio of the phage titer measured with 
irradiated cells to that measured with unirradiated cells. The m.o.i. 
was less than 10 2 in each case (where phage titre is measured 
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Fig. 1. Dose response of Weigle Reactivation to UV irradiation. 
Strains CM5000 (rec +) and CM5256 (rec-) were irradiated for 
varying times and the Weigle reactivation factor for irradiated 
~CbK (see Table 1) was measured. W-factor is defined in Table 1. 
o - - o ,  CM5000; e - - e  CM5256. The ordinate, which does not 
begin at 0, in Fig. 1 and 2 is a linear scale with values less than 
1 being meaningless 
uni r radia ted  cells were used. This increase in titer represents 
a react ivat ion phenomenon since no increase in the plat ing 
efficiency of  unir radia ted q~CbK was seen on i r radia ted 
cells. Thus there appears  to be a W-React iva t ion  of  q)CbK 
in i r radia ted C. crescentus. In contras t  no W-React iva t ion  
of  i r radia ted ~ C r  30 or qsCr40 was detected (Table 1). 
To determine the op t imum UV dose for inducing W- 
React ivat ion of  ~bCbK, cells were treated with increasing 
doses of  UV light and the degree to which these cells would 
reactivate UV-ki l led ~ C b K  was measured.  The absolute 
magni tude o f  the effect is somewhat  variable (typical results 
are shown in Fig. 1) but  the maximal  response occurs when 
the cells have been i r radia ted with 5-10 Jim z of UV light 
(Fig. 1). 
Dependence o f  W-Reactivation on rec + product 
In E. coli, W-React iva t ion  requires an active recA gene 
product  (Little and Moun t  1982). A C. crescentus mutan t  
strain, CM5256, is severely defective in recombinat ion and 
very sensitive to UV i r radia t ion (manuscript  in prepara-  
tion). Since the rec-526 allele of  strain CM5256 may  be 
analogous to recA mutat ions  o f  E. coli, we tested the effect 
of  rec-526 on W-React ivat ion.  The da ta  in Fig. 1 show that  
rec-526 severely reduced W-React iva t ion  in strain CM5256 
but  did  not  eliminate it. Since rec-526 is the only rec mutan t  
of  C. crescentus isolated to date, we cannot  distinguish 
whether the residual W-React iva t ion  in strain CM5256 
(never more  than 5-fold) represents W-React iva t ion  in the 
absence of  rec product  or residual ree function in the rec- 
526 strain. In  any event, rec-526 severely reduces the poten-  
tial of  C. crescentus for W-React ivat ion.  
Induction o f  W-reactivation 
In the s tandard  W-React iva t ion  assay, the i r radia ted  cells 
were incubated under  growth condit ions for 30 min to allow 
them to express any functions necessary for W-React iva-  
tion. When  this incubat ion time was varied, the C. crescen- 
tus cells were found to continue increasing their W-React i -  
vat ion potent ial  for 11/2 h after i r radiat ion,  after which time 
the amount  of  W-React iva t ion  potent ia l  shown by the cells 
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Fig. 2. Kinetics of induction of W-Reactivation in C. crescentus 
assayed with phage q~CbK. Strain CM5000 was irradiated with 
7.5 J/m a of UV light in the presence or absence of chloramphenicol 
(5 gg/ml). After irradiation cells were resuspended in broth with 
or without chloramphenicol for varying times. Samples were re- 
moved and incubated with irradiated ~bCbK for 15 min to allow 
adsorption and then plated as described in Materials and methods. 
Chloramphenicol-treated cells were removed from chlorampheni- 
col by centrifugation and resuspension in chloramphenicol-free 
broth immediately prior to addition of irradiated ~CbK. o o, 
no chloramphenicol present; o - - o ,  chloramphenicol present from 
before UV irradiation until the time indicated 
s topped increasing (Fig. 2). These da ta  suggest that  UV 
irradiat ion generates a signal that  causes induct ion of  some 
element (s) responsible for W-react ivat ion and that  this in- 
duction signal is no longer effective after about  90 min in 
active cells. 
When  chloramphenicol  was present from the time of  
i r radia t ion to the time of  infection, the potent ial  to repress 
W-react ivat ion was detected if  the chloramphenicol  was re- 
moved immediate ly  after i rradiat ion.  However,  the induc- 
tion seen in chloramphenicol-free cultures fails to occur, 
if chloramphenicol  is present for 30 min or longer. This 
result suggests that  induct ion of  W-react ivat ion may  require 
protein  synthesis. 
UV-inducible mutagenesis 
W-React ivat ion  of  phage is a manifestat ion of  UV-induced 
D N A  repair. In E. coli, this D N A  repair  synthesis is accom- 
panied by mutagenesis (Weigle 1953). C. crescentus is 
known to be susceptible to UV-induced mutagenesis and 
the da ta  in Fig. 3 show that  the rate of  increase of  UV- 
inducible mutagenesis is slower after cells have received UV 
doses greater than 5-10 J /m 2. As expected not  all mutan t  
alleles can be reverted by UV treatment.  Muta t ion  of  
argGl05 to argG + is not  increased in UV-i r radia ted  cells 
while muta t ion  of  procCl04 to procC + is increased about  
1000-fold under  our  conditions.  No  mutants  of  ~ C b K  have 
been described so we have not  yet been able to show W-  
React ivat ion and UV-induced mutagenesis of  the same 
DNA.  Thus the evidence for an er ror-prone character  of  
the D N A  repair  synthesis in C. crescentus remains at best 
indirect. 
Photoreactivation 
The data  presented so far i l lustrate the existence of  a UV- 
inducible, rec-dependent, D N A  repair  system in C. crescen- 
tus, perhaps analogous to that  of  E. coli and other organ- 
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Fig. 3. UV induced mutagenesis of C. crescentus. Strains SC146 
(argGl05) and SC451 (proCl04) (Barrett et al. 1982) were irradiat- 
ed with increasing doses of UV light. Irradiated samples were 
plated on broth plates to determine total viable count and on'M2- 
glucose plates to determine the number of prototrophic mutants. 
Reversion frequency is the ratio of prototrophic cells to the total 
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Fig. 4. Photoreactivation of UV irradiated C. crescentus. Strain 
CM5256 was irradiated with 71/z J/m z of UV light (survival ap- 
prox. 10 -3) and immediately diluted in CD. The dilution tubes 
were exposed to fluorescent lamps and the viable count was deter- 
mined after increasing times of illumination. The photoreactivation 
(PR) factor is the ratio of the titer after illumination to the titer 
before illumination 
isms (Witkin 1976). Many  organisms also have a "pho to re -  
act ivation enzyme" capable o f  cleaving pyrimidine dimers 
in situ in the presence of  visible light (Witkin 1976). The 
rec-526 carrying strain CM5256 is part icular ly sensitive to 
UV damage and was tested to determine whether i rradia-  
t ion with visible light could overcome the lethal effects of  
pr ior  i r radia t ion with UV light. As seen in Fig. 4, exposure 
of  UV-i r radia ted  CM5256 to visible light resulted in a rever- 
sal of  the UV-induced killing. A 300-500 fold increase in 
viability, raising survival from less than 0.1% to about  30% 
under the condit ions used, is routinely seen. Thus C. cres- 
centus, like E. coli, very likely has a rec-independent photo-  
reactivation system for repair ing UV-induced D N A  dam- 
age. 
D i s c u s s i o n  
The da ta  presented here demonstra te  a UV inducible D N A  
repair  system in C. crescentus at least superficially analo-  
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gous to that found in E. coli (Radman 1974). The best 
characterized aspect of  this system is the W-Reactivation 
of  UV-irradiated phage ~bCbK by C. creseentus. The failure 
to detect W-Reactivation of  other C. crescentus phages was 
unexpected (particularly for the generalized transducing 
phage q~Cr30) but may have been an artifact of  their ad- 
sorption kinetics. Both q~Cr30 and ~bCr40 adsorb very slow- 
ly to strain CM5000 (data not  shown) and it is possible 
that the transient induction signal for W-reactivation may 
have passed before a significant number of  particles had 
adsorbed. The failure to observe W-Reactivation in ~Cr30 
and ~Cr40 was not studied further. 
One obvious difference between the E. coli and C. cres- 
centus W-reactivation responses is in the time required for 
maximum induction. E. coli growing in broth at 37 ° C show 
maximal W-Reactivation potential about  30 min after irra- 
diation (Defais et al. 1976); C. crescentus growing in broth 
at 30 ° C, about 90 min after irradiation. However, this dif- 
ference correlates with the different generation times for 
the organisms (20-30 min for E. coli and 90-100 rain for 
C. crescentus), extending the similarity between the two sys- 
tems. 
Among  the features characteristic of  W-reactivation in 
E. coli, recA dependence could not be clearly demonstrated 
in C. crescentus. The rec-526 strain CM5256 is clearly defec- 
tive in its induction of  W-reactivation potential. Whereas 
wild type displayed W-reactivation factors as high as 35-40, 
strain CM5256 never displayed a W-reactivation factor 
greater than about  5. If  the rec-526 mutat ion identifies the 
C. crescentus analog of  the E. coli recA,  then CM5256 
should be devoid of  functions such as W-reactivation. How- 
ever it is also possible that rec-526 does not  completely 
inactivate the inducing activity of  the putative recA protein 
of  C. crescentus. Strain CM5256 is very sensitive to UV 
irradiation and shows no detectable recombination activity 
(at least 5000-fold less than wild type). The fact that this 
strain is also at least partially defective in its W-reactivation 
induction lends some support to the suggestion that ree-526 
may define the C. crescentus analog of  the E. coli recA 
gene. A third possibility is that the effect of  the rec-526 
mutat ion is different from that of  E. coli recA mutations. 
As more rec alleles become available, it should be possible 
to establish the role (if any) of  the gene defined by rec-526 
in the C. crescentus W-reactivation. 
Implicit in this entire discussion is the obvious analogy 
to the SOS-response of  E. eoli. At the phenomonological  
level, the W-reactivation and UV mutagenesis described 
here are quite similar to elements originally lumped together 
under the term SOS-response (Witkin 1976). The molecular 
basis o f  the SOS-response has become clear in recent years 
and both W-reactivation and UV-induced mutagenesis are 
known to be rather indirect consequences of  the central 
feature of  the SOS-system: the recA-facil i tated cleavage of  
the l exA product  (Litle and Mount  1982; Walker 1984). 
There are no data to suggest whether the molecular basis 
of  the W-reactivation and UV mutagenesis we see in C. 
crescentus bears any similarity whatsoever to the lexA-re-  
pressible (SOS) system of E. eoli. In particular we have 
not yet tested whether the gene identified by the rec-526 
mutat ion encodes a protein analogous or homologous to 
recA of  E. coli. 
We have shown here that C. crescentus has at least two 
of  the well-characterized systems used by other microorgan- 
isms to repair UV-induced D N A  damage: W-reactivation 
and photoreactivation. This does not imply that a third 
well-characterized system, excision repair, is absent. In fact, 
we have isolated a number of  UV sensitive C. crescentus 
mutants that retain full recombination activity and are 
likely candidates for analogs of  the uvr genes that define 
the excision repair system of E. coli. 
Acknowledgements. This work was supported by grants (GM27111 
and AI 15822) from the National Institutes of Health. I thank Mar- 
ianne Zorza for technical assistance. 
References 
Agabian-Keshishian N, Shapiro L (1970) Stalked bacteria: proper- 
ties of deoxyribonucleic acid bacteriophage ~CbK. J Virol 
5 : 795-800 
Barrett JT, Rhodes CS, Ferber DM, Jenkins B, Kuhl SA, Ely 
B (1982) Construction of a genetic map for Caulobaeter crescen- 
tus. J Bacteriol 149:889-896 
Bender RA, Agabian N, Shapiro LS (1980) Cell differentiation 
in Caulobaeter erescentus pp 17-39. In: Leighton T, Loomis 
WF (eds). The molecular genetics of development. Academic 
Press, New York 
Bendis I, Shapiro L (1970) Properties of Caulobacter ribonucleic 
acid bacteriophage ~bCb5. J Virol 6:847-854 
Defais M, Caillet-Fauquet P, Fox MS, Radman M (1976) Induc- 
tion kinetics of mutagenic DNA repair activity in E. coli follow- 
ing ultraviolet irradiation. Mol Gen Genet 148:125-130 
Johnson RC, Ely B (1977) Isolation of spontaneously-derived mu- 
tants from Caulobaeter crescentus. Genetics 86:25-32 
Johnson RC, Wood NB, Ely B (1977) Isolation and characteriza- 
tion of bacteriophage for Caulobaeter ereseentus. J Gen Virol 
37 : 323-335 
Little JW, Mount DW (1982) The SOS regulatory system of 
Escherichia coli. Cell 29 : 11-22 
Osley MA, Newton A (1978) Regulation of cell cycle events in 
asymmetrically dividing cells: functions required for DNA initi- 
ation and chain elongation in Caulobaeter crescentus. J Bacter- 
iol 135:10 17 
Poindexter J (1964) Biological properties and classification of the 
Caulobacter group. Bacteriol Rev 28:231-295 
Poindexter JS (1981) The caulobacters: Ubiquitous unusual bacte- 
ria. Microbiol Rev 45:123-179 
Radman M (1974) Phenomenology of an inducible mutagenic 
DNA repair pathway in E. coli. SOS repair hypothesis. In: 
Prakash L, Sherman F, Miller M, Lawrence C, Tabor HW 
(eds) Molecular and environmental aspects of mutagenesis. CC 
Thomas Publishing Co, Springfield, Illinois, pp 129-142 
Shapiro L (1976) Differentiation in the Caulobacter cell cycle. Ann 
Rev Microbiol 30:377-407 
Shapiro L, Agabian-Keshishian N (1970) Specific assay for differ- 
entiation in the stalked bacterium Caulobacter crescentus. Proc 
Natl Acad Sci USA 67 : 200-203 
Weigle JJ (1953) Induction of mutation in a bacterial virus. Proc 
Natl Acad Sci USA 39 : 628-636 
Witkin EM (1976) Ultraviolet mutagenesis and inducible DNA 
repair in Escherichia coli. Bacteriol Rev 40:869-907 
Walker GC (1984) Mutagenesis and inducible responses to deoxyri- 
bonucleic acid damage in Eseherichia eoli. Microbiol Rev 
48 : 60-93 
Communicated by G.R. Smith 
Received July 11, 1983 / July 19, 1984 
